ABSTRACT. The brains of 30 normal preterm and term infants whose birth wt were appropriate for gestational age and 13 who were small for gestational age but healthy were --studied by phosphorus magnetic resonance spectroscopy to determine values for metabolite concentration ratios and intracellular pH. In the AGA infants, phosphocreatine/ inorganic orthophosphate increased between 28 and 42 wk of gestational plus postnatal age, suggesting a rise in the phosphorylation potential of brain tissue. At the same time, the concentration of phosphomonoester (mainly phosphoethanolamine) fell and that of phosphodiester (including phosphatidylethanolamine and phosphatidylcholine) increased. These changes reflected myelination and proliferation of membranes. Intracellular pH was -7.1 and did not change with brain maturation. No differences were detected in these variables between the infants who were small for gestational age and those who were appropriate for gestational age. (Pediatu Res 25440-444, 1989) Abbreviations AGA, appropriate for gestational age SGA, small for gestational age 31P MRS, phosphorus magnetic resonance spectroscopy PCr, phosphocreatine Pi, inorganic orthophosphate PME, phosphomonoester PDE, phosphodiester total P, total mobile phosphorus pHi, intracellular pH It has previously been shown that the relative concentrations of mobile phosphorus compounds involved in energy metabolism, and in cell synthesis and myelination, can be measured noninvasively in the brain tissue of newborn infants by 31P MRS (I, 2). pH, can also be estimated. Obvious abnormalities of phosphorus metabolites and pHi have been found in a wide variety of conditions involving hypoxic-ischemic brain injury, including birth asphyxia, periventricular leukomalacia and other
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forms of cerebral infarction, and periventricular hemorrhage (3) (4) (5) (6) . So far, only very small numbers of infants with apparently normal brains have been studied (3, 5, 7) , and no information has been obtained about whether any systematic differences exist between infants whose birth wt are AGA and infants who are SGA.
The purposes of the present investigation were to establish normal values for AGA infants, to find out if maturational changes occurred, and to see if any differences could be demonstrated between SGA and AGA infants.
MATERIALS AND METHODS
Infants studied. Forty-three infants were studied. They were born at 24-42 (mean 33) wk of gestation and weighed 562-3860 (mean 18 14) g at birth. Of these infants, 28 were boys and 15, girls; 38 were born in University College Hospital, and 5 were referred from other hospitals. None had any evidence of birth asphyxia or significant illness. Gestational age was assigned from maternal dates, antenatal ultrasound scans, and the physical and neurologic characteristics of the infants (8) . Of the infants, 30 (21 boys, 9 girls) were AGA with birth wt between the 10th and 90th (mean 60th) percentiles; and 13 were SGA with birth wt below the 3rd percentile (9). None of the latter infants had any notable antenatal or postnatal problems and hence provide data for an "unstressed" SGA group. Their head circumferences were generally in proportion to their other measurements: 11 had head circumferences below the 3rd percentile, and the other two, on the 3rd and 25th centiles (9). None of the AGA or SGA infants had any abnormal neurologic signs. Ultrasound scans of the brain, performed as previously described with a Diasonics Sonotron (Bedford, England) DSI sector scanner with 6-and 7.5-MHz probes (10) were also normal, except in one AGA infant born at 28 wk of gestation in whom a possible small germinal layer hemorrhage was seen.
This study was approved by the University College London Committee on the Ethics of Human Experimentation, and informed parental consent was obtained.
MRS. MRS was performed when the infants were 1-96 (median 4) d old. 38 infants were 1-8 d old, and five infants were 13-96 d old. Their gestational plus postnatal ages were 26-42 (median 34) wk. The technical details have been given elsewhere (3-5, 1 I). Briefly, an Oxford Research Systems (Oxford, England) TMR 32-200 spectrometer operating at a field strength of 1.89 Tesla was used. The infant was transported to the spectrometer within a Perspex cylinder mounted on top of a standard transport incubator. The cylinder was then detached and positioned within the bore of the magnet.
PHOSPHORUS MRS O F NEONATAL BRAIN 44 1
The infant's head lay on a 5-or 7.4-cm diameter magnetic resonance surface coil which could be tuned to the resonance frequencies of both 3'P (32.5 MHz) and protons (80.3 MHz). The coil supplied the exciting radiofrequency pulse and also detected the magnetic resonance signal returning from the sensitive vol of the magnet, which was centered on the infant's adjacent temporoparietal cortex. The pulse duration was 80 fis for the 5-cm coil and 90 or 100 ps for the 7.4-cm coil. The flip angle at the center of the coil was between 90" and 100". 31P spectra were produced as the sum of 256-768 pulses at intervals of 2.256 s. The accumulated free induction decays were processed by means of 12-Hz exponential line broadening to improve the signal to noise ratio and an enhancement technique to increase resolution and remove the broad spectral feature due to membrane phospholipid, myelin, and phosphorus atoms in bone (12). The magnitude of this broad signal was also measured, after subtraction of the processed spectra. The relative concentrations of the phosphorus metabolites were calculated from the integrals of the gated spectral peaks after applying multiplying factors to correct for the effects of saturation (atomic nuclei not returning fully to their resting state between pulses). These factors were obtained from studies of six infants, born at 30-40 (median 33) wk of gestation, from whom spectra were obtained both at 20.256 s, which allowed full relaxation of the excited nuclei (4) and at 2.256 s. These factors did not appear to change with gestation. Mean values were as follows: PME, 2.28; Pi, 1.28; PDE, 1.25; PCr, 1.5 1 ; and /3-ATP, 1.24. pH, was estimated from the difference in chemical shift between the PCr and Pi resonance, using the formula of Petroff et a/. (1 3) .
The infants were fed shortly before the studies; no sedation was needed. Their arterial oxygen and carbon dioxide tensions, blood pressure, and blood glucose concentrations were within accepted normal ranges. During each study, the infant's ECG and breathing were continuously monitored (1 1).
RESULTS
AGA infants. Figure 1 shows "P spectra, before and after processing to remove the broad signal, from an AGA infant studied at 40 wk of gestational plus postnatal age. The seven labeled peaks can be assigned, from left to right, as follows: 1, PME; 2, Pi; 3, PDE; 4, PCr; 5, 6, and 7, the r, a, and /3 nuclei of nucleotide triphosphates, mainly ATP (14, 15). Figure 2 shows the relations of PCr/Pi, PME/total P, and PDE/total P to gestational plus postnatal age. Table 1 gives the regression equations, and mean values with 95% confidence limits for concentration ratios of these and other phosphorus metabolites, and for pH,.
Highly significant increases of PCr/Pi, PCr/total P, and PDE/ total P with increasing maturation of the brain were demonstrated, together with a fall in PME/total P. In general, similar changes, though less striking, were found when the metabolite Fig. 1 . 31P spectra from an AGA infant studied at 40 wk ofgestational plus postnatal age; u is before processing to remove the broad signal and b is afterwards. Peak assignments are given in text. The JJ axis is signal intensity and the x axis is chemical shift (ppm) relative to the resonance frequency of PCr. 
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AZZOPARDI ET A L concentrations were expressed relative to ATP, rather than to total P. The magnitude of the broad resonance signal underlying the processed spectra (Fig. la) , when expressed relative to ATP, increased with gestation (Table 1) . pHi appeared not to change.
SGA infants. Values for PCr/Pi, PME/total P, and PDE/total P from the 13 infants are compared in Figure 3 with the data from the AGA infants. It can be seen that most of the data points from the SGA infants lie within 95% confidence limits for the AGA infants. To find out if any significant differences between values from the SGA and AGA infants could be demonstrated, mean standard deviation scores comparing the two groups were calculated. No differences between the data from SGA and AGA infants were found, as demonstrated in Table 2 , except for a mean SDS for ATP/total P that just reached statistical significance ( p < 0.05, Student's t test).
DISCUSSION
Exact quantitation of the concentrations of phosphorus metabolites in brain tissue by MRS is only just becoming feasible (16), and data for the brains of newborn human infants are not yet available. Because the areas under the spectral peaks (the peak integrals) are proportional to concentration, it is, however, possible to derive concentration ratios, provided appropriate corrections are made, and that is the approach used in this report. Ratios of metabolites are given both with respect to the total concentration of mobile ("MRS-visible") phosphorus metabolites and to the concentration of nucleotide triphosphates, mainly ATP, which appears from chemical analyses to change little with brain maturation ( 15).
AGA Infants. Energy metabolism. The spectra obtained in this study arose largely from the temporoparietal cortex (17) . The striking increase in PCr/Pi with increasing maturation of the brain (Fig. 2a) confirms earlier more limited data (3, 5) . The intracellular pool of PCr acts, via the creatine kinase reaction, as a buffer to maintain a steady ATP level in the face of increased demands for energy, and it can be shown that PCr/Pi is proportional to the phosphorylation potential of the tissue, [ATPI/ [ATP][Pi], (if it is assumed that the concentrations of creatine and hydrogen ions remain constant) (1 8) . The increase in PCr/ Pi is likely therefore to have been due to an increase in the phosphorylation potential or energy reserve of cortical brain tissue, which undergoes considerable cellular proliferation between 28 wk of gestation and term (19) . The parallel rises in PCr/total P and PCrIATP are consistent with this view (Table  1) .
Data from newborn animals show similar changes with maturation (1 5). By comparison with these data, the newborn infant seems, in terms of phosphorus energetics, to be at about the same $ n = 23 (values for the remaining infants were not calculated, because the spectra were not sufficiently well resolved). Fig. 3 . Relation between metabolite concentration ratios and gestational plus postnatal age in 13 SGA infants. Individual values are shown together with regression lines and 95% confidence limits for AGA infants (from Fig. 2) . Table 2 . Relation of metabolite concentration ratios and pH, to gestational plus postnatal age in 13 SGA infants* PCr/Pi ATP/total P PCr/total P Pi/total P PME/total P PDE/total P P C r / A T P P i / A T P P M E / A T P P D E / A T P Broad resonance/ATP stage of maturation as the newborn rat, which is an altricious species, but less mature than the guinea pig or lamb, which are precocious (1 5, 20) . The greater complexity of the brain at birth in these latter species appears to be associated with a greater energy reserve.
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Cell synthesis. The large PME peak has been shown by chemical analysis of the brain in newborn animals to be almost entirely attributable to phosphoethanolamine (2 l), so it must be assumed that this is also true of the human infant. Phosphoethanolamine is a major precursor of membrane phospholipid and myelin. Clear evidence of a reduction in PME/total P and PME/ATP with maturation of the brain was found (Table 1 , Fig. 1 b) , and it is known that the PME peak is small in spectra from the brains of adult animals and human subjects (1 5, 22) . At the same time as the reduction in PME, PDE/total P increased. The PDE peak is due largely to phosphatidylethanolamine and phosphatidylcholine, which are major constituents of membranes and myelin (2 1, 23). The fall in PME and rise in PDE with maturation have also been found in newborn animals (15) and reflect the proliferation of membranes and myelination. The broad resonance signal underlying the spectral peaks is attributable to phosphorus nuclei in bone and also to the phosphate head groups of membrane-bound phospholipids (21, (23) (24) (25) . The signal appears to be reduced in jimpy mice, in which myelination is defective (26) . The finding that the broad signal increased in size, relative to ATP, with maturation of the brain is therefore likely to be due both to skull mineralization and to the laying down of increased concentrations of the larger phospholipid components of membranes and myelin.
SGA Infants. SGA infants are known to be at increased risk of neurodevelopmental abnormalities (27) . In a previous study, several such infants were found to have evidence of impaired oxidative phosphorylation (low PCr/Pi ratios) in brain tissue in association with increased cerebral echodensities (5). To find out whether SGA babies had intrinsic abnormalities of "P spectra indicating either abnormal energy metabolism or deranged cell synthesis, we therefore selected 13 SGA infants who, apart from being SGA, appeared normal as judged by their clinical features and brain ultrasound scans. No evidence was found of any differences in the phosphorus metabolite ratios or pH, between the SGA and AGA infants, except for a borderline reduction in ATP/total P in the SGA infants. There was no evidence from the other metabolite ratios that this apparent reduction indicated impaired oxidative phosphorylation or any other abnormality, and it seems unlikely that it was of biologic significance. Maturational changes in the SGA and AGA infants appeared similar. We believe that derangements of phosphorus spectra indicating impaired oxidative phosphorylation previously found in SGA babies (5) are likely, therefore, to have been due to superimposed perinatal events, rather than any intrinsic cerebral abnormality.
